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Abstract: Ti-based materials are widely used for dental and orthopaedic implant applications due
to their adequate mechanical properties, corrosion behaviour and biocompatibility. However, these
materials are biologically inert and display poor wear resistance. In one of the most studied processes
that aims to overcome these drawbacks, Ti surfaces are often covered by anodic oxide films with
the incorporation of bioactive agents such as Ca and P. Although there are several works on the
tribocorrosion behaviour of MAO-treated Ti surfaces, the influence of electrolyte composition on
the corrosion kinetics under sliding is yet to be fully understood. In the present work, anodic
oxide films were produced on cp-Ti surfaces with different calcium acetate concentrations in the
electrolyte. Tribocorrosion behaviour was investigated by reciprocating sliding tests performed in 8
g/L NaCl solution at body temperature, under potentiostatic conditions. The results showed that
higher concentrations of calcium acetate had a detrimental effect on tribocorrosion kinetics, however,
they resulted in less mechanical damage due to alterations in the topography and structure of the
MADO layer.

Keywords: titanium; micro-arc oxidation; tribocorrosion

1. Introduction

Ti and Ti alloys are widely used in dental and orthopaedic implants due to their ade-
quate mechanical properties, high corrosion resistance and biocompatibility [1,2]. However,
low tribocorrosion resistance is a considerable drawback once these implants are subjected
to the cyclical mechanical solicitations present in a corrosive environment such as the
human body [3]. Bio-inertness is also a drawback as the implant must possess adequate
bioactivity to osseointegrate with the adjacent bone in cementless implants.

Tribocorrosion resistance and bioactivity can be improved trough surface modification
and/or surface coatings [3-7]. Among the techniques that can be used, micro-arc oxidation
(MAO) or plasma electrolytic oxidation (PEO) is one of the most well-known. In this
process, several hundreds of volts are applied to a Ti substrate (immersed in an electrolyte)
to promote the dielectric breakdown of a native passive film, and micro-arc discharges,
which result in the formation of a thick and micro-porous oxide layer [8-11]. Bioactive
and/or antimicrobial species such as Ca, P, Mg, Si, and Ag can also easily be incorporated
into the oxide layer composition by using electrolytes rich in these elements. By controlling
the process parameters, mainly electrolyte composition, applied voltage or current, and
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treatment time, it is possible to tailor the MAOQ layers in terms of thickness, topography,
and chemical composition [12].

Over the years, many studies have reported on the corrosive and biological behaviours
of these layers with promising results. Regarding corrosion behaviour, studies show that
oxide layers obtained by MAO confer about a one to two decade decrease in corrosion
kinetics compared to their Ti or Ti alloy base materials, together with a substantial increase
in corrosion potential [7,13-16]. On the other hand, biological behaviour studies have
shown that MAO layers can have improved cell adhesion, proliferation, and differentiation,
as well as antimicrobial properties [4,6,7,17-21]. Several reports are also available on the
tribocorrosion behaviour; however, most of them only report on the evolution of open
circuit potential under sliding action, without considering the corrosion kinetics, whereas
very little is known about the evolution of kinetics during mechanical action [22,23].
Marques et al. [22] performed MAO treatment on Ti using different conditions for elec-
trolyte composition and treatment time. The results showed that the overall tribocorrosion
resistance can effectively be controlled by optimizing the surface chemistry (by the incorpo-
ration of Ca and P species), together with the rutile to anatase ratio by selecting the correct
MAO treatment parameters. MAO layers with higher amounts of the rutile phase showed
lower corrosion rates and reduced material loss due to corrosive mechanisms. On the other
hand, Sukuroglu et al. [23] aimed to define suitable MAO treatment parameters to improve
the tribocorrosion behavior of Ti. The authors reported that MAO layers with smaller pores
and a lower roughness led to the presence of lower currents during mechanical action,
corresponding to the higher corrosion resistance under sliding.

It is known that Ca content in the MAO electrolyte changes the nature of the formed
oxide films [16,24]. However, its influence on the tribo-electrochemical behaviour of the
MAO layers is yet to be understood. Thus, the main objective of this work was to compare
the evolution of corrosion kinetics under sliding on MAO-treated surfaces formed in
electrolytes with different calcium acetate concentrations.

2. Materials and Methods
2.1. MAO Treatment

Before MAO treatments, cp-Ti grade 2 (Goodfellow) plates with dimensions of
20 mm X 20 mm x 2 mm were grounded down to 600 mesh using SiC papers, fol-
lowed by acid washing in Kroll’s reagent (Vyr:oVinos:Vio = 1:1:1) for 10 s. After-
wards, the samples were ultrasonically cleaned in propanol and distilled water for 10 and
5 min, respectively.

MAO treatments were performed in an electrochemical cell containing 200 mL of
electrolyte, composed of a mixture of 3-glycerophosphate disodium salt pentahydrate
(B- GP-Alfa Aesar), and different concentrations of calcium acetate monohydrate (CA-Alfa
Aesar), as shown in Table 1. The Ti plates (exposed area of 9.6 cm?) were connected as
anodes, while a Pt sheet (5.94 cm?) distanced 8 cm from the Ti plate was connected as the
cathode. All the treatments were performed in a DC power supply (Agilent technologies
N5772A) in potentiostatic mode (300 V) for 1 min, under a turbulent regime produced by
means of a magnetic stirrer spinning at 200 rpm.

Table 1. Groups and respective electrolyte composition.

Group Electrolyte

cp-Ti (control) Just etched
015CA 0.02M B-GP + 0.15 M CA
035CA 0.02M B-GP + 0.35 M CA

2.2. Tribocorrosion Tests

For tribocorrosion tests, samples were first placed in a tribo-electrochemical cell
containing 30 mL of NaCl solution (8 g/L) at body temperature (37 &= 2 °C). The cell was
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then mounted in a tribometer (CETR-UMT-2, Bruker, Massachusetts, MA, USA) with a
linear reciprocating motion ball-on-plate configuration, where an alumina ball (Ceratec)
with a 10 mm diameter was used as a counter-body. Before sliding, OCP values were
monitored until stabilization. After that, the last measured value of potential was applied,
and the evolution of current was measured. Once the current reached stable values, sliding
was started. All the tests were performed under 1.5 N load (corresponding to a maximum
Hertzian contact pressure of 494 MPa, and mean Hertzian contact pressure of 330 MPa
for cp-Ti), 1 Hz sliding frequency, 3 mm of total amplitude, and 30 min sliding time. All
electrochemical tests were performed using a potentiostat/galvanostat (Reference 600,
Gamry Instruments, Pennsylvania, PA, USA). At least 3 tests were performed per condition
in order to assure the repeatability of results, and after each test the samples were rinsed
with distilled water.

2.3. Characterization

Topography, microstructure, and the overall chemical composition of MAO-treated
groups before and after tribocorrosion tests were evaluated using a field emission gun
scanning electron microscope (FEG-SEM-FEI NOVA 200, Thermo Fisher, Waltham, MA,
USA), and energy dispersive X-Ray spectroscopy (Pegasus X4M, EDAX, Mahwah, NJ,
USA). Cross-sectional optical microscope (DM2500, Leica, Wetzlar, Germany) images of
MAQO layers were obtained by embedding the samples in resin, then cutting and grinding
(until 2400 mesh), and finally mirror-finishing with colloidal silica (0.2 um). Alternatively,
the cross-sections of the anodic oxide films were prepared by nano-machining using the
focused ion beam of a SEM-FIB (Nova 600 NanoLab, Thermo Fisher, Waltham, MA, USA),
and characterized by FEG-SEM/EDS. Surface roughness and wear profiles were obtained
by profilometry (Dektak 150, Veeco, New York, NY, USA).

3. Results and Discussion
3.1. MAO-Treated Surfaces

The overall microstructure of Ti before and after MAO treatments can be seen in
Figure la—c. In the case of untreated Ti surfaces, it is possible to observe the typical
granular structure of Ti. On the other hand, after MAO treatment both surfaces re-
vealed the typical volcano-like structure, characterized by the formation of a multi-scale
porous structure.

o /‘L,?s

T — i ' ()35

S 015CA | i —
E t(g?llpot) t(g rllpot) 015CA
3 ’ ——035CA
< 1 hadh, PR WY T
3 f L
- |
o
[ | |
| |
- I I
& I I
1y [ |
<
E |
o
2 [ |
2 ; ) — T T T T T T T 1
0.0 0.5 10 15 20 25 30 35 40 4% 0 10 20 .30 40 50 60
pore diameter (um) Time (s)

Figure 1. (a) Optical microscope image of Ti after etching; (b,c) SE SEM images of Ti after MAO treat-
ments; (d) pore size distribution for MAO groups; (e) evolution of current during MAO treatments.
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Pore size distribution (Figure 1d) was assessed by a point-counting method based on
ASTM E562, and the methodology is described elsewhere [16]. On average, the 015CA
group contained smaller pores, mostly in the 0.5-1 um range, while the 035CA group
contained a larger pore size distribution, ranging from 0.5 to 1.5 um. An increase in pore
size due to an increase in calcium acetate concentration in the electrolyte has been reported.
By changing the electrolyte concentration, the dielectric breakdown that occurs during
the MAO treatment changes, and thus the pore size is different. On the other hand, by
increasing the calcium acetate concentration, the conductivity of the electrolyte increases;
this is the main reason for the enlargement of pore size [16,25-27].

Figure 1e presents the evolution of current during the MAO treatments, which can
be divided into two distinct zones, i.e., the galvanostatic and potentiostatic zones. The
first zone (galvanostatic) is characterized by a constant current of 2.6 A (the current-limit
of the power supply), which lasted until 300 V was reached. During the first stage, the
high current values led to a fast growth in the oxide film, together with an increase in
micro-arcs occurring at the surface. As soon as 300 V was reached, a decrease in the current
was observed, where micro-arc discharges led to current oscillations [1,16]. These micro-
arc discharges are known to cause localised melting and the formation of micro-pores.
Moreover, once the oxide layer reaches a critical thickness, the applied voltage leads to
the electrical breakdown of these layers and micro-arc discharges (the current peaks in
the potentiostatic zone). Consequently, these discharges lead to localized melting, and
the formation of micro-pores, and thus formation of the volcano-like structure. As the
treatment time increases, the number of micro-arcs is reduced; however, they can be more
energetic, which leads to the appearance of larger pores.

Table 2 presents the tgal/pot times and the electric charge (Q) obtained from inte-
grating the graphs for both MAO groups. On average, the 035CA group took around
three times longer to pass into the potentiostatic zone, and presented almost double the
electric charge compared to the 015CA group. These values may explain the increased
thickness of the MAO layers obtained. Chemical analysis revealed the incorporation of
Ca and P elements from the electrolyte, where the 015CA group presented a Ca/P ratio of
1.61 £ 0.09, whereas values for the 035CA group were 2.73 £ 0.11 (%). In a previous work
of the last author, it was also reported that the MAO layers for a 015CA group produced
under identical conditions were composed of 100% anatase, while a mixture of 70% anatase
and 30% rutile was obtained for the 035CA group [16]. On the other hand, Oliveira et al. [1]
treated Ti by MAO with similar conditions for the 035CA group. The authors used coupled
AFM-Raman and TEM analyses to characterize the MAO surfaces; the results showed that
while anatase was distributed in all treated surfaces, the rutile phase was preferentially
located on the top of the volcano-like structures. Moreover, TEM results showed that the
inner part of the oxide was a mixture of crystalline and amorphous material, whereas the
top of the oxide was covered by an amorphous region. Moreover, while small nanocrystals
of rutile were observed near the top region of the oxide, the anatase phase was mainly
found in the bottom part of the MAO layer.

Table 2. Tgy)/pot and electric charge (Q) for MAO-treated groups.

Group Tgat/pot (5) Q ()
015CA 8.68 1+ 3.84 67.31 +14.33
035CA 31.24 +£5.55 120.23 + 4.49

Figure 2 presents OM and SEM images of the cross-sections of both MAO layers. It is
possible to observe, on the OM images (Figure 2a,b), an increased thickness with increased
calcium acetate concentration. The thickness of the anodic films was measured by image
analysis. The 035CA group had a slightly increased thickness of 6.31 £ 1.29 um compared
to the 015CA group (3.83 & 0.65 um). As can be observed in Table 2, as the concentration
of calcium acetate increased, both tgal/pot and Q values also increased, which might
explain the differences in MAO layer thickness. Wu et al. [25] stated that increasing the
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calcium acetate concentration in the MAO electrolyte improved the electrical conductivity,
affecting the breakdown potential of the oxide layer. It is also known that increasing
the calcium acetate concentration leads to an increased MAO surface roughness [16,28].
Alves et al. [16] showed that after the MAO treatment, the roughness increased around
four times compared to an etched cp-Ti surface among the MAO-treated groups. Thus,
increasing the CA concentration led to a thicker MAO layer, rougher surface, and bigger
pore size. Both the 015CA and 035CA group MAO layers presented three distinct layers
(Figure 2c,d). Just after the bulk Ti had grown, a thin and compact oxide layer was
formed, followed by two different porous layers. The inner porous layer is characterized
by pores of smaller dimensions, while the outer porous layer contains bigger pores. These
results are in accordance with the literature for MAO-treated Ti produced under identical
conditions [16,29].

MAO layer

outer porous layer

LU VD inner porous layer

Ti substrate

Ti substrate

Figure 2. Cross-sectional OM, and FIB prepared cross-sectional SE/SEM images of (a,c) 015CA and
(b,d) 035CA samples, respectively.

3.2. Tribocorrosion Behavior
3.2.1. Tribo-Electrochemical Measurements

The evolution of current density before, during, and after sliding, and the evolution
of COF during sliding are presented in Figure 3. Before sliding, all the groups presented
stable current density values due to the formation of a stable passive oxide film in the
case of Ti, and due to the high corrosion resistance of MAO layers in the MAO groups. A
significant decrease in current density was observed for both MAO-treated groups when
compared with untreated Ti. However, slight increase in current density values was ob-
served from the 015CA to 035CA groups that may be explained by the higher average pore
size. The average current density values before sliding were approximately 3.9 pA cm ™2,
0.1 pA cm~2, and 0.3 pA cm 2 for the Ti, 015CA, and 035CA groups, respectively, due
to the higher corrosion resistance of the MAO layers. Several works have shown that
MAO layers possess higher corrosion potentials, and significantly lower current densi-
ties in the passive domain when compared with untreated titanium [1,9,15,16,27]. In a
previous work [16], although an improved corrosion resistance was observed on MAO-
treated Ti, higher concentrations of calcium acetate resulted in a negative effect on the
corrosion behaviour. The authors explained this behaviour with the increased crack den-
sity present in the outermost porous layer, together with the increased pore size. These
properties can facilitate electrolyte penetration through the MAO layer, thus affecting its
corrosion resistance.
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Figure 3. Evolution of current density before, during and after sliding, alongside the evolution of
COF during sliding.

As soon as sliding started, values of current density in Ti demonstrated the typical
sharp increase that is attributed to the removal of the passive film, and the exposure
of fresh metallic area to the electrolyte. During sliding, increases and decreases were
observed in both current density and COF values. This behaviour can be explained
by the formation/breakdown of tribolayers during sliding. The wear debris formed
during sliding action can be compacted on the worn surface and lead to the formation of
tribolayers, which offer limited protection against corrosion, and thus a decrease in current
density was observed. Eventually, tribolayers can be broken, thus, a consequent increase in
current density values was observed. This process can be repeated several times during
sliding. Since these tribolayers have different properties to the base material, and influence
the overall topography of the worn surfaces, alterations in COF values are also usually
observed [15].

The MAO groups demonstrated considerably different behaviour, no significant
changes were observed in current density values from the onset of sliding. In fact, only
after around 15 min of sliding for both groups was a small increase in current density
values observed. Nonetheless, current density values were still much lower than those
observed in Ti. Table 3 presents the electrical charge (Q) transfer between the worn surface
and the electrolyte, obtained by integrating the curves, using the starting current as a
baseline. Q values were more than ten times lower for both MAO groups, with no clear
differences between them. These values suggest much lower corrosion kinetics on the wear
tracks of MAO groups. Marques et al. [22] studied the influence of different electrolyte
compositions and MAO treatment times on the tribocorrosion behaviour of Ti. The authors
noticed that MAO-treated Ti with lower calcium acetate concentrations presented a gradual
increase in current values, and after some sliding time the current values reached values
close to those seen in untreated Ti. However, for higher concentrations of calcium acetate,
no significant variation in current density values was observed for the first few minutes
of sliding. After that, a slight increase in current values was noticed; however, they never
reached the current values of untreated Ti. The authors attributed this behaviour to the
surface characteristics of the MAO layers, alongside the thickness, and hardness of the
rutile phase present.

Comparing the evolution of COF in the MAO layers, the 015CA group presented very
low COF values for the first few minutes of sliding, whereas, afterwards, a drastic increase
and subsequent stabilization in COF was observed. On the other hand, COF values for the
035CA group increased rapidly from the onset of sliding, and after some time COF values
stabilized, presenting a relatively horizontal course from then until the end of sliding. The
results suggest that the overall properties of the MAO layers play a significant role in their
overall tribological behaviour. It has been reported that elemental P has a lubricant effect
in TiO; layers obtained by anodic treatment [30]. Thus, the lower COF values observed
for the 015CA group may be related to the higher contribution of P due to the lower
Ca/P ratio.
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Lower corrosion kinetics have been reported in the literature both without [16] and
with [23] sliding, due to the smaller pores and lower number of cracks in MAO layers
formed on cp-Ti. On the other hand, Sukuroglu et al. [23] also reported that COF was
affected by the morphology of MAO layers, where low surface roughness, and smaller
pores in the surface resulted in lower values of COF. Therefore, the difference between the
MAO groups observed during approximately the first half of sliding may be attributed to
differences in the topography of the MAO layers. Afterwards, when the outer MAO layer
was damaged, the behavior of the MAO groups was very similar in terms of both current
density and COF evolution.

Table 3. Electric charge (Q) transfer between the worn surfaces and electrolyte.

Group Q (mQ)
Ti 12.10 £+ 1.00

015CA 0.61 + 0.40

035CA 1.19 £ 0.55

3.2.2. Characterization of the Worn Surfaces

Representative optical microscope images and wear-track profiles of the worn surfaces
for all the groups are presented in Figure 4. Overall, MAO groups presented much less wear-
damage compared to Ti. Under magnification, it seems that the 035CA group presented
less wear-damage compared to the 015CA group. The average wear-track width decreased
from 350 = 32 pm to 299 £ 25 um for the 015CA and 035CA groups, respectively. However,
once the extent of wear-damage was within the range of pore size, the calculation of wear-
volume was not reliable enough to distinguish between the two groups. Nonetheless, the
reduced wear-damage for the 035CA group, revealed by the reduced wear track width and
depth, may be related to the increased thickness of the MAO layer, as well as the presence
of rutile, which is harder and thus more wear-resistant than anatase [31].

. Wear profiles
d) Ti
. Wear track F

Wear tracks
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Figure 4. Optical microscope images of the worn surfaces for (a) Ti, (b) 015CA and (c) 035CA and
wear—track profiles of the worn surfaces for (d) Ti, (e) 015CA and (f) 035 CA.
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An SEM/EDS analysis of the worn sample and counter-body surfaces is presented in
Figure 5. The worn surfaces of Ti (Figure 5a) were mainly composed of ploughing grooves,
due to a combination of adhesive and abrasive wear mechanisms, and the presence of
compacted, oxidized, wear-debris. Due to the high reactivity of Ti, material is removed
from the worn surface by the counter-body due to adhesion. Consequently, this wear
debris can be adhered to the counter-body (Figure 5h), compacted on the wear track (Z1
in Figure 5a), or ejected. The adherence of material onto the counter-body results in the
formation of ploughing grooves. On the other hand, the compacted wear debris (tribolayer)
provides limited protection against tribocorrosion, as it protects the substrate material from
the electrolyte. Consequently, a decrease in corrosion kinetics is observed. However, the
formation and growth of tribolayers results in an increased roughness and, thus, an increase
in COF values (Figure 3). Due to repeated material transfer between the mating surfaces,
wear debris also tends to oxidize (Figure 5d) and increase its hardness. These mechanisms
are typically observed for Ti surfaces tested under similar conditions [14,15,32].
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Figure 5. BSE/SE SEM images of the worn surfaces for (a) Ti, (b) 015CA, and (c) 035CA groups, EDS
analysis of the worn surfaces for (d) Ti, (e) 015CA and (f) 035CA groups, and SE SEM images and
EDS analysis of the counter-body surfaces for (g) Ti, (h) 015CA and (i) 035CA groups.

For MAO-treated groups, it was observed that the outer porous MAO layers were
almost completely removed in the centre of the wear track, where no elemental Ca
or P from these layers was detected (Z2 in Figure 5b,c). The formation of grooves
was observed in these zones where the counter-body was sliding against the Ti sub-
strate. Around these zones, damaged MAO layers could be observed, where the porous
structure was destroyed with a subsequent decrease in Ca/P ratios (Z1 in Figure 5e,f)
compared to the unaffected zones (Z23). However, the wear-damage was still consid-
erably lower than in Ti, as evidenced by the lower Q values that were obtained. EDS
analysis also revealed the transference of Ti from the worn surfaces to the counter body
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(Figure 5h,i), and thus the presence of adhesive wear. Nonetheless, this was less signif-
icant than in the untreated Ti. Oliveira et al. [1] showed that MAO layers formed on
cp-Ti are characterized by a gradient in structure alongside its thickness. The authors
showed that there is a transition from a harder and more resistant outer porous layer,
mostly constituted by rutile, to a softer and more ductile inner layer, where anatase and
an amorphous layer was formed. On the other hand, Marques et al. [22] demonstrated
that the tribocorrosion damage might be controlled by optimizing the surface chemistry
(Ca/P ratio), and nature of the oxide films (rutile/anatase ratio) through selection of the
proper MAO treatment parameters.

Alves et al. [24] studied the tribocorrosion behaviour under OCP for similar MAO
layers. The authors concluded that the differing nature of oxides formed during MAO
treatment played an important role in their tribocorrosion behaviour, where it was
seen that MAO layers containing rutile led to a significant decrease in the mechanical
damage observed after sliding. However, before the mechanical action started, a lower
corrosion tendency was observed for samples treated with the lowest concentrations
of calcium acetate. Nevertheless, corrosion resistance is improved by MAO treatment,
independent of calcium acetate concentration, when compared with untreated Ti. How-
ever, higher concentrations of calcium acetate result in a detrimental effect to corrosion
resistance, essentially due to the contribution of the higher crack densities and pore
sizes of the outermost porous layer of MAO-treated surfaces [16]. On the other hand,
Oliveira et al. [1] showed that, independent to the MAO treatment conditions, only
the outer part of the MAO layer was damaged after sliding. Moreover, the material
removed from the outer surface might be smashed and pressed into the pores leading to
an accumulation of material, which can easily be worn out. Alves et al. [3] also reported
that the differences in both electrochemical and wear mechanisms were correlated with
the characteristics of the MAO layers. Even though the 035CA group samples suffered
less mechanically induced damage after sliding (most likely due to the presence of rutile
in their composition), the topography (characterized by an increased crack density and
bigger pore size) had a negative effect on the corrosion kinetics. However, the corrosion
resistance of MAO-treated samples before, during and after sliding was always much
lower when compared to that of untreated Ti, demonstrating the promising properties of
Ti-MAO layers. Thus, it can be concluded that the thickness of MAO layers influences
the tribocorrosion behaviour of MAO-treated Ti.

4. Conclusions

The influence of calcium acetate in the MAO treatment electrolyte, on the corrosion
kinetics and tribocorrosion behaviour of cp-Ti MAO-treated surfaces, was assessed in this
study. Within the limitations of this work, it can be concluded that electrolyte composition
played a significant role in the final properties of the MAO layers, which have an impact on
their overall tribocorrosion behaviour. While all MAO-treated surfaces exhibited reduced
tribocorrosion kinetics, and reduced wear damage compared to the untreated Ti. Higher
concentrations of calcium acetate had a detrimental effect on tribocorrosion kinetics, leading
to a slightly increased current density but, at the same time, less mechanical damage due
to the presence of rutile in the MAO layer.
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